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FOREWORD

The Materiel Testing Directorate (MTD), Aberdeen Ftoving Grmiund
(APC), Maryland conducted this investigation and prepared this report
in order to improve accuracy of air blast pressure measurement. Work
began in May 1978 and was completed' in December 1980. Funds for lhli
study were provided by the In-lHouse Laboratory IndeponIlent Reseir,
Program (ILIR).

In documenting the various error sources that affect ac,.uracy, n
certain negative flavor permeates the discussion. Many plots of erro-
neous measurements have been included; some of the errors were inten-
tionally introduced, and some were discovered by accident. Normally,
such measurements would be discarded, and a footnote reading "Data loLt
at this location" would be inserted.

It is hoped that documentation of these errors will allow such
problems to be quickly recognized in the field so that corrective action
can be taken. The intent is to show that careful attention to detail
can produce accurate blast measurements. It is hoped that this objec-
tive has been achieved without leading the reader to believe that all
blast measurements are inherently plagued by errors.

Reference to pressure in the text of this report is expressed in

units of kilopascals (kPa). Unfortunately, many of the calculator pro-
grams written for plotting pressure versus time use pounds per square
inch. Usually the plots are presented to illustrate the shape of a
curve rather than read a specific value. It is hoped that ',he conversion
nomagraph shown in section 2.1 will alleviate inconveniences caused by
use of different units.

Appreciation is expressed to the people who have provided data,
ideas, and motivation for this report. They are: Cleorge Coulter,
Edward Schmidt, Edmund Gion, and George Teel of the US Army Ballistic
Research Laboratory; James Patterson and Benjamin Mozo of the Aeromedf-
cal Research Laboratory; George Garinther, Joel Kalb, and Berlamin
Cummings of the Human Engineering Laboratory. Appreciation i1 1aso
expressed to John D. Reynolds, who initiated this study.
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SECTION 1. SL1MMARY

1.1 BACKGROUND

The Materiel Testing Directorate (MTD) at Aberdeen Proving GrOund
(APG) routinely makes air blast measurements. If the peak pressurc
is expected to be below 170 dB (6 kPa or I psi), microphonos art, ,isled.
Pressures above 170 dB require use of a more rugged pressure transducer.

The transducers available at MTD for measuring blast overpressure
were designed more than 20 years ago for measuring large explosions K
simulating conventional and nuclear bomb detonation, and have changed
very little.

Although the transducers and procedures have not changed much in
20 years, the type of workload has changed. Most measurements are now
made to determine human tolerance to existing muzzle blast. These
measurements generally fall in the range of 170 to 190 dB (6 to bO kPa
or 1 to 10 psi).

Muzzle blast measurements of earlier weapons were evaluated by a
criterion stating that the peak pressure must be less than 3 psi (20.7
kPa) in the crew area. This criterion was usually met. Since muzzle
blast was not a critical area, it did not generate much managerial in-
terest in the accuracy of the measurements being made.

The Army's effort to make weapons shoot farLher and weigh less has
created a situation that makes muzzle blast in the crew areas critical.
Because training restrictions, and even acceptance or rejection of a
weapon may be based on muzzle blast overpressure measurements, it is
desirable that these measurements be as accurate as possible. Errors
as large as 15 to 20% that could be tolerated in measurement of a bomb
explosion are not acceptable in measurement of muzzle blast.

A weapon that has been a focal point for muzzle blast ov-rpressurc
problems is the M198 howitzer firing the M203 propelling charge shown
in figure 1.1-1. Tests conducted by TECOM indicated that with minor
exceptions, this weapon passed the human tolerance criteria, Su'geon
General testing indicated that the weapon failed. Both sets of measurei-
meats could be replicated. This discrepancy indicated the need for
improved, standardized measuring techniques.

3
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1.2 OBJICTIVE

The objective of this study is to improve the accuracy of nirhlast
overpressure measurements in the range of 170 to 190 dB from +20% to

I. ý SUMMARY OF PROCEDURLS

The original plan for this study was to replace the LC-i3 pencil
gages with two LC-70 miniature transducers placed in a large, pencil-
shaped ojive, and to replace pentolite calibration with shock tube cali-
bration, The new transducers were to be qualified using pentolite ex-
plosions and comparing their performance to the performance of the LC-13
transducer,

For a variety of reasons, it was determined necessary to adopt a
new approach. Several different transducers and calibration techniqucs
were examined.

In addition to laboratory tests performed specifically for this
study, valuable data were gathered while making field blast measurements
for specific weapons, such as the 81-mm mortar, the M198 howitzer, and
the 105-mm tank gun. Data were also obtained from other organizations
at APG, such as the Human Engineering Laboratory and the Ballistics
Research Laboratory.

The culmination of this study was a 3-day field test using pento-
lite that was known as the "Swan song shoot." This testing was accom-
plished 20 to 22 August 1980. It provided confirmation and documenta-
tion of the effects of mounting technique, sensitivity to extraneous
effecti, and calibration.

I
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1.4 SUMMARY OF RESULTS

Figure 1.4-1 shows blast overpressure produced by an 8-inch howitzcr
as mn..ured with an LC-33 pencil gage. The physical Implications of
thif plt are rather unusual.

Note that ambient pressure seems to Increase after the muzze bleHst
Sit 'h drastic changeUs ill ambient pressure art, osstciited with

sov-I',, wol t her. Thl:, rqipId change .|1 i ambient prcssuru could posslbl) be
observed In an aircraft flying through the eye of a hurricane.

Note the large pressure oscillations indicated after the muzzle blast.

Pressure oscillations of this magnitude would be perceived as an
unbearably loud noise such as one might encounter next to a f7.•;'orn,

It seen's rather unlikely that one would make a muzzle blast
measurement while firing an 8-inch howitzer from an airplane flying
next to a foghorn located in the eye of a hurricanel For a more plausible
explanation of what may have happened, refer to the sections of the report
on acceleration error and thermal drift (5.2 and 5.6).

Twenty years ago, a measurement like the one shown in figure 1.4-1
might have been considered acceptable. At that time, only the positive
phase of a blast measuremekit was analyzed. In figure 1.4-1 the positive
phase only lasts 7 milliseconds, and appears to be a reasonable representation
of what occurs during the positive portion of a blast wave.

The rarefaction phase of the blast wave was almost totally ignored in
earlier years for two reasons. First, it was assumed that most damage
occurred during the positive phase. Second, difficulties such as those
shown in figure 1.4-1 were typical of instrumentation available twenty
years ago, making measurement of the rarefaction phase difficult.

The current method of analyzing human tolerance to blast makes measurement
of the rarefaction phase important. Instrumentation now available makes more
accurate measurement of the rarefaction phase possible.

Measuring the output of an electrical pressure transducer to f1%
is a relatively straightforward matter. Insuring that this signal
cn• rresponds to 5' of tilth true sqldo-on pressure Is much more di ff i c l1 t

Agreement among several methods of calibrating the same traniducer was
2'2 at best and typically ±5%. This performance can be improved by selecting

the best transducers from a lot, repeating the calibration several times ,nd
discarding the outliers. Such techniques are only practical when measurements
Of only 1 or 2 channels are required, and Sufficient time for preparation I~s
available.

t0
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In addition to tolerances as large as t5% for calibration, allowances
must he made for other errors such as those caused by:

a. Accelerption (sections 5.1, 5.2, and 5.3)

b. Mlisalignment ind mounting configtiration (section 3.3)

c. Transducer anomalies (secLion 3.M and 3.4)

d. Thermal drift (section 5.6)

V, Ambient temperature effects (section 5.4)

f. Thermal transients (section 5.5)

g. Aerodynamic cleanliness (section 5.8)

h. Effects of filters and tape recorders (sections 6.2, 6.3, and 6.4)

i. Reflections from objects at the test site (section 5.7)

t. Electrical noise (section 6.5)

As discussed elsewhere in this report, each of these extraneous
phenomena can become an indistinguishable part of the pressure measure-
ment. Careful attention to measurement technique can reduce, but not
completely eliminate these factors.

All transducers tested were found to have specific advantages and
disadvantages; no single transducer was shown to be best for all situations.
Recording instrumentation available, the measurement situation,'and the
specific type of measurement required influence the choice of transducer

type and mounting arrangement.

1.5 ANALYSIS

Careful attention must be given to test set-up and data analysis
to insure that the results are representative of the b~ast wave that is
present, rather than anomalies caused by extraneous effects. Choice of
instrumentation and measurement techniques affects sensitivity to

cXtr'rnOous effects.
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Based on the technical problems discussed in this study, the
following estimates of expected level of accuracy are presented:

Expected Level
Type of Measurement of Agreement

L.aboratory conditions, hand-picked transducers 1 to 2%
Measurement of only one or two channels

Typical laboratory equipment 2 to 5%

Field conditions 5 to 10%

In addition to tolerances based on technical problems, further
allowances must often be made for non-technical matters which have a
significant effect on measurement accuracy. There is an inevitable
conflict between the desire to obtain the best possible measurement
and the desire to complete the test as quickly as possible with the lowest
geade qualified personnel.

The cost and time requIred to conduct a test are visible, intensively
managed factors. The accuracy of the data is a much less tangible factor
which occasionally suffers in deference to more practical matters of time
and cost.

If an anomaly is noticed in the measurement while testing is in
progress, troubleshooting the cause of the problem and fixing it become
very expensive tasks. A typical test may involve as many as 15 people.
At current labor rates of $15 to $20 per hour, it costs more than $4
per minute to check cables, look for loose connections, or remount and
aline a transducer.

Due to thermal considerations, certain tests require that rounds
be fired at or above a specified rate. In this situation, data anomalies
cainot be remedied if they are discovered while firing, even if the
problem requires only minor adjustrmnt.

Because of these reasons, needed changes to test set-up are often
not made once testing has begun. In such situations, it is easy to
rationalize that a competent analyst will be able to distinguish the
valid portions of the waveform from anomalies caused by extraneous
effects.

In complex tests, which involve many measurements, or several different
kinds of measurements, these problems become acute. The probability of all
instrumentation working properly all of the time becomes small. Certain
measurements will inevitably be sacrificed so that the test can be completed
in a reasonable time.

9
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Ib CONCLUSIONS

a. Measurement and evaluation of muzzle blast has become a critical
operation because many weapons produce blast levels that approach or
V'XL't.'d human tolerance linlts.

1). AcCur;at blh',e t meaSurements require careful attention to Lesit
set-up and data analysis to insure that the results are rvprL'suntaLivw of
the blast wave that is present, and not anomalies caused by extraneous
effects.

c. Choice of instrumentation and measurement technique can dramatically
affect test results. For example, if measurements of a marginal, weapon
are made with a noisy tape recorder, using a transducer that ampiffies
when misaligned, and filters that overshoot, the results may indicate
that the weapon fails the human tolerance criteria, when In fact it
should pass. Another weapon, when tested with a digital recorder, with
a large signal to noise ratio, a transducer that attenuates when misaligned,
and filters that are set too low, may be shown to pass the human tolerance
criteria when the blast wave present in fact exceeds the criteria.

d. Because blast measurements are often both critical and difficult,
particular attention must be given to the nontechnical compromises that
muSt be made. Long set-up time and the need to repent tests when data
has anomnalies should be anticipated.

e. Calibration of transducers is a critical operation. Many
transducers exhibited large discrepancies (5%) between different
transducers. Ibis problem illustrates the need for more consistent
transducers as wall as the fact that there is no perfect technique for
calibrating AC coupled transducers.

f. 1he overpressure levels observed from Pentolite explosions
were quite different from what was expected (10%). Sufficient time to
determine the reason for this discrepancy was not available.

g. Based on the testing workload, equipment available, and weather
conditions encountered at APG, the low impedance, quartz element transducers J

with supp~ressed resonance have the best compromise of transducer characteristics
for use by MTD.

LO• ~il
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1.7 RECOMMENDATIONS

a. Pressure transducers should be checked on three devices (static
pulse calibrator, sine wave calibrator, and shock tube) before crtic:al
blast overpressure tests.

It is felt. that these tests will cost less than the old pentolite
calibration technique, and provide traceability to NBS, which did not
exist before.

b. Further study should be conducted to accomplish the following
objectives:

(1) Develop a better way to mount miniature transducers that
isolates the transducer from acceleration and allows accurate alinement.

(2) Determine why the pentolite results disagreed so greatly with
the laboratory calibration results.

(3) Develop techniques to improve agreement among laboratory
calibration techniques.

(4) Explore development of an improved transduzer with commercial
manufacturers.

c. Selection of a transducer for critical blast overpressure tests
should be based on thorough testing of the transducer's characteristics
under known conditions. Particular attention should be given to the
following characteristics:

(1) Blast wave response (overshoot, ringing, flow effects).

(2) Acceleration sensitivity.

(3) Temperature sensitivity.

(4) Ease and repeatability of calibration.

d. For critical blast overpressure tests, an on-site inspection
of the data as they are acquired should be made to insure that the best
possible measurement is obtained. This process will obviously increa!',c
the cost and time required for the test. If severe anomalies are noted
in the data, the test should be ropeated.

11
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SECTION 2. GENERAL DISCUSSION OF BLAST OVERPRESSURE

2.1 UNITS OF PFESSURE MEASUREMENT

Pressure is force per unit area, and should be expressed in units
of force divided by length squared. Various units are used; the four
most frequently cited are:

a. Pounds per square inch (psi).

b. Pascals (Newtons per square meter).

c. Atmospheres (dimensionless ratio of measured pressure to
standard, sea level atmospheric pressure).

d. Decibels (dimensionless logarithmic ratio of measured pressure
to a reference pressure).

Figure 2.1-1 shows the relationship between these four ways of J
expressing pressure. Most equipment in the United States is calibrated
in psi.

In the interest of international standardization, the Army has
adopted the pascal as the standard unit of pressure. The pr.,ssure rA

levels discussed in this report are expressed in kilopascals (kPa).
Many of the plots of pressure versus time are presented in psi rather
than kPa because the plotting programs are written for units of psi.

The decibel (dB) is a unit commonly associated with hearing. The
reference pressure for dB is 20 micropascals which is estimated to be
the lowest pressure detectable by the human ear.

A few convenient relationships should be remembered when using
lecibels:

a. A difference of 0.1 dB is a 1% discrepancy.

b. A difference of 1 dB is a 12% discrepancy.

c. A 2:1 ratio of pressure (which is either a 50% discrepancy or
a 100% discrepancy, depending on whether the small number or the large
number is used as a reference) is a difference of 6 dB.

13
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2.2 SHOCK WAVES

Most concern about blast pressure is associated with events that
occur outdoors in open air. A convenient means of simulating blast
experiments in the laboratory is the shock tube. As shown in figure
2.2-1, the pressure versus time waveforms of these two pressure sources
is different.It

The shock tube produces a flat-topped pressure versus time curve.
The duration of the flat portion is a function of the length of the
driver portion of the shock tube.

Free air explosions produce a pressure versus time curve that be-
gins to decay immediately after peak pressure is obtained. In outdoor
explosions, reflection of the blast wave from the ground plane produces
a second pressure wave. This reflected wave travels faster than the
incident wave because it is traveling through air already heated by the
incident wave. When the reflected wave catches up with the incident
wave, the two combine to form what in known as the Mach stem.

15
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2.2 (Cont'd)

There are two types of pressure associated with subsonic flow
of air: static pressure and dynamic pressure. The sum of static
pressure plus dynamic pressure is eallad stRgnation pressure. A blast
wave travels supersonically and has three types of pressure associated
with it: Side-on pressure (static pressure), face-on pressure (re-
flected pressure), and stagnation pressure (sum of static and dynamic
pressure). Figure 2.2-2 gives pictorial descriptions of the three
types of blast pressure, examples of their relative values, Pnd typical
waveforms that could be expected in a shock tube.

Side-on or static pressure is the pressure behind the blast wave.
It must be measured by a transducer mounted perpendicular to the direc-
tion of wave propagation, and the transducer must not interfere with
the propagation of the wave. The wave velocity is related to the side-
on pressure by the Rankine-Hugoniot Lquation for air:

Ps " PO (m2-1)

where

Ps - side-on pressure

Po - ambient pressure

m Mach number of wave.

Mach number is a dimensionless expression of velocity. It is the
ratio of the wave velocity divided by the speed of sound in.ambient air.
Mach number can be found by measuring the velocity of the wave nnd the
temperature of the air:

M
m -•

a

where

m =Mach number

v = wave velocity

a * speed of sound in ambient air

but

a = 20.09 /T

where

T = ambient temperature in degrees Kelvin.

17
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2.2 (Cont'd),i•Reflected or face-on pressure is that pressure developed when na
blast wave strikes an infinitely large wall which is perpendicular to

wave propagation and reflects back in the exact opposite direction.
Reflected pressure is related to side-on pressure by the following
equation:

p(7p0Q + 4Ps)
')i., ~Pr. 2 Ps (7 ++ Ps~s

where

Pr - Reflected pressure

Ps 0 Side-on pressure

PO - Ambient pressure.

I ~ plus dynamic pressure which is caused by particle flow behind the wave. i
Stagnation pressure is the sum of the static pressure (side-on)

Propagation of the blast wave alone involves no significant displace-
ment of the air molecules., Behind the wave, the air molecules aredisplaced, but at a much slower velocity than the supersonic blast wave.
The relationship between particle velocity and side-on pressure Is:

7Po (, + 6P• -7Po)

where

u - Particle velocity

Ps " Side-on pressure

Po M Ambient pressure

a - Speed of sound in ambient air.

Stagnation pressure con be expressed as the sum of side-on pressure
plus dynamic pressure:

'pstag ' Ps + Iu
2

where

-stag - Stagnation pressure

SP9 - Side-on pressure

p - Density of ambient air

U -P article velocity,

'460



2.2 (Cont'd)
A more convenient expression for calculating stagnation pressure

in terms of side-on pressure and ambient pressure alone is:

Pstag -P a 5 p22 "710 + Pa

where

Pstag = Stagnation pressure

Ps m Side-on pressure

PO - Ambient pressure.

Practical measurement of stagnation pressure can be made by con-
structing a probe that will allow the blast wave to travel over it.
As shown in figure 2.2-2, the tranaducer mounted in the point of the
probe will instantaneously register reflected pressure when struck by
the blast wave, but will register stagnation pressure once the wave
continues past the tip of the probe,

The duration of the period during which reflected pressure in
registered is called relief time. Relief time is a function of thediameter of the flat tip of the probe.

The equations given in this section are based on air behaving as

an ideal gas with constant specific heats. For the pressure levels
described in this report (less than 100 kPa), this assumption is valid.
At higher pressures, the thermodynamic properties of real air must be
used and the simplified equations are no longer valid.
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2.3 DIRECTIONAL EFFECTS

Blast overpresaure is a directional phenomenon. Figure 2.3-1 is
an excerpt from The Effects of Nuclear Weapons by Glasstone (ref 1). It
shows how overpressure changes as the angle of a blast wave striking a
surface Is varied. In this plot, 0 degrees represents face-on and 90
degrees represents side-on. It should be noted that this InformatlJoi I L;
for surfaces that are large with respecL to the sensing transducer. If
the sensor represents a significant portion of the surface, the results
in figure 2.3-1 will not be duplicated.

Because of the directional nature of blast waves, it is important
that transducers be carefully aligned in the proper direction. In cow-
plicated measurement situations, blast waves are reflected from many
objects from different directions. In these situations, only certain
portions of the pressure time history can be measured accurately.

An omnidirectional pressure sensor would be ideal, but no such
gage exists. Some gagas are, however, more sensitive to misalignment
than others. This chaiacteristic will be examined later in this report.

iI

IJ

21

a i "" I II i ii i----



2.3 (Con td)

-ý4

08w

00-

Cn -ý444

09 01.
Os,, 44

IOF,

W4140

oj 0

CN .

= I I22



V

2.4 HUMAN TOLERANCE TO BLAST OVERPRESSURE

At the time this report is being written, human tolerance to blast
averpiessure is a subject of intense study by the Army. At present,
it is not known how much blast overpressure can be tolerated and what
parts of the body are most sensitive to blast.

In the past, it was assumed that damage to the ear occurred before
any other type of damage. Noise limits for Army materiel are specified
in MIL-STD-1474B (ref 2). The limits are prescribed in terms of peak
side-on pressure and B duration. B duration has an explicit definition,
but is essentially the time required for the pressure versus time curve
to decay to 1.0% of the peak value, Figure 2.4-1 show.- the limits pre-
scribed by MIL-STD-1474B.

The authors of MIL-STD-1474 have pointed out Jn reference 3 why
side-on rather than face-on pressure was chosen. It is stated that
various transducers differed by as much as 3 to 10 dB when measuring
face-on pressure. Good agreement between various transducers was
observed for side-on pressure measurement.

Until current research is completed, the Army Surgeon General has
stated that crew positions for new weapons will be chosen so that the
worst case observed shall not exceed the "Z" curve shown in figure 2.4-1.
Measurement techniques are proposed in standardization of muzzle blasc
overpreusure seasurements (ref 4). Many of the experiments and examples
presented in this report provide justification for the guidance presented
in reference 4.
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2.5 MUZZLE BLAST

Energy released by propellant combustion launches the projectile
and creates muzzle blast. The pressure field created by muzzle blast
is symetrical about the line of fire but is not spherically symetrical.
As shown in figure 2.5-1, the center of pressure moves along the line
of fire.

It has been suggested by Cummings (ref 5) that near the muzzle, the
center of pressure moves at the velocity of the projectile. Figure 2.5-5
shows the shape of equal pressure contours based on this prediction. Note
that these predicted contours agree well with the measured contour.

The above discussion affects muzzle blast measurement in two sig-

nificant ways. First, as shown in figure 2.5-2, steep gradients exist
near the muzzle. Extreme care must be used in placing transducers.
With the 81-mm mortar, crew locations are only a few calibers from the
muzzle, a difference of 15 cm in locations caused in variation of as
much as 50% in peak pressure.
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2.5 (Con t d)

8lmm Mortar Blast Field

......... Iso-Hazard Contour

-- Predicted Ieo-Pressur'o
Contour*

F~igure 2.5-2. Comparison of predicted constant pressure contours and
measured constant hazard contour. Predicted contours are of the form
CO1 + 0.86 COS6) from reference 5.
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2.6 PROJECTILE SHOCK WAVES

A supersonic projectile generates a shock wave as it travels through
air. This shock wave produces a classic "N" wave in the pressure ver-
sus time history. When a transducer is placed in a location where the
projectile shock wrve reaches the transducer before the muzzle blast,
the transducer will record both the "N" wave and the muzzle blast wave.
Figure 2.6-1 shows such a location. Figure 2.6-2 shows a pressure ver-
sus time history with both the projectile shock and muzzle blast.

The armor piercing, discarding sabot (APDS) round produces several
"N" waves, as shown in figure 2.6-3. This is reasonable because each

supersonic object (projectile, sabot, sabot pedals, etc.) produces an
independent projectile shock wave. Note that the pressure versus time
history measured at the same location produces no "N" waves when a
blank is fired, as shown in figure 2.6-4,

When an artillery shell is detonated, each of the thousands of
fragments produced will generate an "N" wave as long as the fragment
is traveling at supersonic speed. Note the barrage of "N" waves that
arrive before the main blast in figure 2.6-5.
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SECTION 3. BLAST OVERPRESSURE TRANSDUCERS

3.1 INTRODUCTION

A variety of transducers are commercially available for measurement
of blast pressure. The transducers studied are shown below in figure
3.1-1. A complete sampling of all transducers available was not made.

Transducers can be divided into two broad categories. Some, such
as the LC-33 pencil gage and the PCB 113 lollipop are design-,' specif-
ically to measure side-on pressure and include an aerodynamic housing.
Miniature transducers, such as the other four transducers shown in
figure 3.1-1 can be used to measure side-on, reflected, or stagnation
pressure. The shape of the mounting fixture and its direction of align-
ment determine what kind of pressure is measured.

•i LC-"33 PIENCnL

LOLLIPOP •

147

S• ~ •.. '0T-2 PC8 113

Figure 3.1-1. Side-on and miniature pressure transducers.
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3.2 MINIATURE TRANSDUCERS

Miniature pressure transducers can be used for a variety of pur-
poHes. I shape and orientation of mountinp used determine the type
of prvsiurt, measured (sLde-on, race-on, stagnation, etc.). l(ecause
the sicnstng element is small, a blast wave travels over it quickly and
a sh-rL rise time is observed. This characterlstic i.s Important In
measurement of small armp blast because the pressure decays rapidly
after wave passage. If the sensing element is not small enough, the
pressure will begin to decay before the wave has finished traveling
acrosH the element. True peak pressure will not be measured in this

3.2.1 Susquehanna Instruments Model ST-2

The ST-2 gage was used in gathering the base line data for MIL-STD-
1474. Figure 3.2-1 shows the side-on response of the ST-2 gage in the
USABRI, 58-cm (24-in.) shock tube. it is normally supplied with a screw-
on impedance converter and operates in the low impedance, voltage mode.
Its specifications are below:

a. Electronics: Voltage mode.

b. Crystal: Lead metaniobate,

c. Resonant frequency: 250 kHz.

d. Crystal diameter: 5.33 mm.,

e. Time constant: 200 milliseconds (measured)a.

f. Acceleration sensitivity: 0.014 kPa/g (0.002 psi/g) (measured)a.

aThis quantity was not available in the manufacturer's literature, so it

was measured on one sample transducer.

36
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'.2.2 PCB Model 113

1he PCB 113 transducer has two crystals, one to sense pressure

and on,! for acceleration compensation. This two degree of freedom

system is tu~ned to produce "frequency tailored response" which suppresses

ringiug at the resonant frequency. The 113 element is available in a

variety of physical cotifigurations and may be purchased as a charge

typu or low 4ý-.pedauce, viltage mode transducer. The side-on response

of the PCE gage in the USABRL shock tube is shown in. figure 3.2-2.

Its specifications are below:

a. Electronics: Voltage mode or charge type.

b. Crystal; Quartz.

c. Re-sonant frequency; 500 kHz,

d, Crystal. diameter: 5.54 mm.

e. Time constant: 10 seconds.

f. Acceleration sensitivity: 0.014 kPa/g (0.002 psi/g).

g. Change in scale factor with temperature: 0.054%/C° (0.03%/°F).

R
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3.2.3 Celesco Model LC-70

The LC-70 ip the smallest gage tested in this study. Figure
3.2-3 shows different examples of the side-on performance of the LC-70
gage in the USABRL shock tube. Note that the waveforms from the LC-70
are not as clean as the waveform produced by the PCB gage. Because of
these anomalies, this gage was used primarily for making velocity meas-
urements rather than peak pressure measurements. Its specifications
are below:

a. Electronics: Charge type or voltage mode.

b. Crystal: Lead zirconate titanate.

c. Crystal diameter: 5.28 nm.

d. Time constant: 10 milliseconds.

e, Acceleration sensitivity: 0.09 kPa/g (0.013 psi/g).
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3.2.4 Endevco Model 8510 i

The Endevco 8510 shown in figure 3.2-4, is a newly developed
piezoresistive, strain type transducer. it is the only gage tested
that had DC response. It is temperature-compensated to minimize re-
sponse to thermal transients and scale factor change caused by temper-
ature change. Two models of this gage were examined. One model has a
full scale range of 1379 kPa (200 psi) and a resonant frequency of
320 kHz, the other had a full scale range of 103 kPa (15 psi) and a
resonant frequency of 100 kHz.

Figure 3.2-4. Photograph of Endevco 8510 transducer.

Side-on performance of the 100 kLtz model in the USABRL shock tube
is shown in figure 3.2-5. Note that the resonant ftequency is highly
under-damped and is approximately 130 kHz. The reason resonance is
excited is because the time required for the blast wave to cross thet
diaphragm (N5 microseconds) is close to the rise time of resonant os-
cillation ("%3 microseconds). The 1379 kPl model has a resonant fre-
quency high enough that side-on pressure waves of the level discussed
in this report should not uxuiLe resonance.
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1.2.4 (Cont'd)

The specifications of the Endevco gape are listed below:

i. Electronics: 4 arm strain bridge.

b. Sensor: Diffused sil-icon diaphragm with Integral pizo-

resistive strain gages.

c. Resonant frequency: 100 kHz (103 kPa model), and 320 kllz ,.S(1370 kPa model).

d. Diameter of diaphragm: 2-nm.

e. Time constant: - (DC respon-.,).

f. .A.celeration sensitivity: 0.002 kPa/psi (0.0003 psi/g).

g. Change in scale factor with temperature: 0.036%/°C (0.02%/°F).

The Endevco gage was the.easiest gage to calibrate because of its

DC response. It showed excelfent agreement between the static pulse
method of calibration and the sine wave method of calibration.

The Endevco gage has very little response to thermal transientfi.

A room temperature Endevco gage immersed in freezing water produced an

indication of only 0.3 kPa. A PCB gage subjected to the same experi-
ment indicated 150 kPa.

The diffused silicone diaphragm used on the Endevco gage acts not
only as a pressure sensor, but also (unfortunately) as a light sensor.
A flash bulb set off in front of an Endevco gage will cause a full
scale indication. A PCB gage subjected to the same experiment indi-
cated less than 1% of full scale.

The photo sensitivity of the Endevco gage could bc a problem in
measurement locations near muzzle flash or the fireball of free air
explosions. Normally, however, the gage is pointed perpendicular to
the source of flash, and photo sensitivity is not a problem.

Although the Endevco gage produced usable records in the shock
tube, no acceptable data were produced in field testing. The following
experiment was conducted to demonstrate the effect ol cable length.
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The transducers were placed on a pencil-shaped ojive approximately

30-cm in front of a 10.16-cm (4-in.) diameter bhock tube. A typical
wave form from a PCB transducer is shown in figure 3.2-6. Note that a
peaked wave is produred.

The response of the 100 kliz Endevco gage with short and long ca-
bles is shown in, figures 3.2-7 and 3.2-8, respectively. Note that
despite the ringing at resonant frequency in figure 3.2-7, it appears
that a basically good peaked wave is present and the rise time is
short. In figure 3.2-8, note the addition of long cable (152-m) causes
a filtering effect that slows the rise time and suppresses resonant
ringing.

3imilar results for the 320 kHz Endevco gage are shown in figures
3.2-9 and 3.2-10. In figure 3.2-9, note that a fairly good peaked
wave is produced with the short cable. The higher resonant frequency
eliminates ringing, but the electrical noise level is increased.
Remember that the maximum pressure shown is only 1% of the full scale
pressure of this model.

A2so note the strange shape of the peak. The reason for this
shape is not known, but it is felt that part of this distortion is
caused by the fact that the diaphragm is recessed approximately one
diameter below the top of the gage, and part of the distortion is
caused by the electrical noise that is present.

In figure 3.2-10, note that long cable length again has a filtering
effect that increases the rise time. Experiments have shown that 150
meters of the standard four or eight conductor strain-gage cables used
have a frequaincy response of 10 kHz and attenuate signals at 100 kHz
by as much !tr, 12 dB.

Unfortutiately, this information was discovered after the field
testing phase had been completed. It is felt that if special balanced
line ("twinax" cable) were to be used on the signal lines of the strain
bridge, acceptable frequency response could be obtained.

Even when Fhort cable is used (i.e., when no frequency response
problems are present), the ringing and waveform distortion of the
Endevco gage are significant problems. Because of these problems, the
Endevco gage was used primarily for assistance and verification of
calibration techniques.
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the 58-cm shock tube (ref' 6). Qata from the US'ABRT, shock tube study
are presented in this section with the permission of the niitli~rs.

Figure 3.3-1 . Mounts for mlniIaturcl trranducurs. "I oc-kw 1SL' f rom" t. e
left: blunt cyLinder mount, pencil probe, skimmer plante, r!,'VmLitre
transducer.
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3.3.1 The Skimmer Plate

The skimmer plate used in this study was designed by George Coulter
of the USABRL. Both Coulter's skimmer plate and a similar but slightly
larger disk were used in the study by Gion and Coulter (ref 6).

Figure 3.3-5 is the face-on, shock tube response of a Klstler gage
mounted in the larger disk. Face-on response of Coulter's skimmer plate
was not measured in reference 6.

Note that face-on pressure is maintained for a relief time of
roughly 170 microseconds. The pressure then drops down sharply to
near stagnation pressure (at the pressure level used, stagnation pres-
sure 0 side-on pressure).

Figure 3.3-6 shows the shock tube response of the skimmer plate
to small angle changes. Note that a change of 5 degrees in angle
causes a 5 percent change in amplitude of the initial peak.

Figure 3.3-7 shows the skimmer platn designed by Coulter mounted
on a lightweight stand in the field, Figure 3.3-8 shows the response
of the skimmer plate to the peaked wave produced by free field pento-
lite blast. Note that when used face-on, the theoretical fate-or pres-
sure value is maintained for roughly 150 microseconds before decaying
to stagnation (W side-on) pressure.

i
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3.3.2 The Blunt Cylinder Mount

Figure 3.3-9 shows the response of the blunt cylinder to shock
tube blast waves of increasing pressure. Note that a peak of roughly
40 microseconds duration occurs. As pressure is increased, the peak
becomes more pronounced. The value of the peak indicates side-on prus-
sure.

Figure 3.3-10 shows the effect of incidence angle on the blunt
cylinder mount in the shock tube. Note that in these unfiltered records,
the theoretical face-on value ofn 2.2 times the side-on pressure is
reached when the transducer is oriented face-on,

Figure 3.3-11 is a photograph of the blunt cylinder mount attached
to a lightweight blast stand in the field. Figure 3.3-12 shows the
response of the blunt cylinder mount at various angles in a pentolite
blast field. Note that the 40-microsecond peak is again present. Note
also that the theoretical ratio (tv2.2) of side-on to face-on pressure
was not observed. It is felt that failure to reach the theoretical
value is caused partially by the response of the blunt cylinder to a
peeked wave and partially by the 40-kHz filter that was used in figure
3.3-12.

When the blunt cylinder mount ih used, it is desirable to have a
sighting plane longer than the outside diameter of the gage surface.
Figure 3.3-13 shows a 13-cm-diameter removable plastic sighting disk
that was used to align the blunt cylinder mount.
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3.3.3 The Pencil Probe

Figure 3.3-14 shows the pencil probe attached to a lightweight
blast stand in the field. This probe is a plastic pencil-shaped ojive

witha flat top. A miniature gage (ST-2 or PCB 113) is mounted in the
ojive flush with the flat portion. Modeling clay is used to hold the
miniature gage in place and also to provide isolation from acceleration.

Figure 3.3-14. Photograph of pencil probe attached to stand.

Figure 3.3-15 shows the response of the pencil probe at various

angles in the pentolite blast field. Note that there is no sharp pres-
sure drop from face-on to stagnation as was present with the skimmer
plate. The relief time of the pencil probe is, however, significantly
longer than the relief time of the blunt cylinder mount.

Note also that the ratio of side-on to face-on pressure is not
quite up to the theoretical value. The pencil, probe does, however,
come closer to the theoretical ratio than the blunt cylinder. Once
again, it is felt that the failure to reach the theoretical ratio is
caused partially by the response of a pencil probe to a peaked wave and
partially by the 40 kliz filter.
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3.3.4 Comparison of the Blunt Cylinder, the Skimmer Pat1e and the
Pencil Probe

Figure 3.3-16 shows the effect of small angle misalignment of the
three methods of mounting miniature transducers. This chart wis com-
piled by comparing the mean peak prelsure of two shots obtained from
pentolite using the rtated configuration and misalignment angte to the
mean peak pressure of five shots obtained with that cniff 1urcltion at
grazing incidence (i.e., side-on orientation). All data were low pasr
filtered at 40 kHz.

Because of the small sample size and the variability of pentolite
blast from shot to shot, the exact shape of the curves Is not sigini'i-
cant. The general trends indicated in the chart are, however, relt: to
be valid.

If one is attempting to measure side-on pressure, a reading of 100%
on figure 3.3-16 could be considered zero "error." As the blast wave
approaches face-on, either through improper alignment to the blasc source
or because a reflection if produced by an off-axis object, the "error"
obtained will be a high reading. Positive misalignment angle indicated
in figure 3.3-16 is toward face-on.

Note that the skimner plate clearly indicates the highest "error"
as it is rotated toward face-on, It is assumed that the short reliel"
time of the blunt cylinder mount causes it to have the least 1te~ror"
as it is rotated toward side-on.

As misalignment approachus a backwards orientation (negative mis-
alignment angle), all configurations produce perk pressure readings
below the side-on value. The pencil probe indicates slightly less
"error" than the other two mounts in this configuration. Because of the

small sample size, it is not certain that this difference is valid.

V..

-... .- ..-. ~ -... ,.~--'y .~- .Ji



3.3.4 (Cont'cl) BIE

Ge

OF)U
(D

Co S C'M

CL 0 H

.4.)~~ ",, 0-4ar W

X Il

a* '

T4 a"
wQflTOA eouePcouI

b9



3.3,4 (Cont'd)
Figures 3.3-17 through 3.3-21 show the response of the three mounts

to pentolite blast of varying pressure. Note that in figure 3.3-20 and
3.3-21, no skimmer plate data is provided,

Instead, a theoretical pressure versus time curve is presented.
The peak pressure values for the theoretical curves were obtained from
Goodman's equation (ref 7). The exponential equations for the decay
of the positive peak were obtained from Brode (ref 8).

Note that the familiar 40-microsecond peak produced by the blunt
cylinder mount becomes more pronounced as pressure level increases.
This result is similar to what was observed in the shock tube shown
previously in figure 3.3-9.

In general, it appears that the pencil probe and the skimmer plate
produce similar curves. The 40-microsecond peak of the blunt cylinder
mount distinguishes itself clearly at higher pressure values, and would
produce a significant error if the pressure versus time curve were in-
tegrated to obtain impulse.

At low pressure values, the three mounting techniques produce lit-
tle difference. The pencil probe appears to produce the smoothest wave-
form.
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Each of the mounts described has a peculLtr set of strengths and
faults. The following application guide is based on the observations
presented in this section:

a. Pencil probc. Best suited for applications where the exact
shape o•f the waveform is critical :ind the bilarit source Is well def ined
and presents an easy point for alignment.

b. Skimmer plate. Beat suited for applications where exact shape
of the waveform is still critical and an omnidirectional plane is needed

(such as near the muzzle of a gun). The blast source must present some
well defined line for alignment because misalignment of more than 5
degrees will cause significant error.

c. Blunt cylinder. Best suited for measurement in complicated
blast fields where small errors in wave shape are preferable to large
errors caused by unavoidable misalignment. Ideal for low pressure fields.

3.4 SIDE-ON PRESSURE TRANSDUCERS

The following transducers consist of a pressure sensing element
and an integral aerodynamic ojive. The effect of the sensing element
is combined with the flow effects of the ojive to produce the overall
performance of the transducer. The intent of the ojive is to facilitate
accurate measurement of side-on pressure.

3.4.1 Gelesco Model LC-33 Pencil Cape

The LC-33 pencil gage shown in figure 3.4-1 was formerly manufactured
by Atlantic Research and is now manufactured by Celesco. This transducer
has been the standard for blast measurement by the Materiel Testing
Directorate at APG for at least 20 years.

The low resonant frequency of this transducer makes it unacceptable
by the standards presented in reference 4. Despite this fact, a number
of experiments were conducted using the LC-33 transducer in this study.
Becauje of the large historical data base that has been collected with
this transducer, it is felt that understanding and analyzing its char-
acteristics are important.

Figure 3.4-2 shows the side on response of the LC-33 in the USABRII
shock tube. Note the long, slow rise time (N50 Ps).

The LC-33 has a cylindrical sensing crystal that is only 0.b35 c.m

(0.25 in.) long. It is estimated that the shock wave of figure 3.4-2
was traveling approximately 380 m/s. At this velocity, it would only
take 17 microseconds to traverse the length of the crystal.
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The 50 microsecond rise time suggests that the transducer construc-
tion is such that the effective length of the crystal is approximately
I." cm. This characteristic would be a distinct disadvantage in meas-
uring blast waves that begin a rapid decay immediately after peak pres-
sure is reached, such aS the blast produced by small arms. In this sit-
at [iio, t1. , Long slow ris t imeL of the I.C-i3 woiI d prevbent meLIsILrecIQlont

ot the true peak pressure.

To measure side-on pressure, the LC-33 is pointed toward the blast
source. The cylindrical sensing crystal of the LC-33 produces inter-
esting directional characteristics. It produces a peak pressure indi-
cation of less than true side-on pressure as it is rotated away from
side-on orientation. The LC-33 produces very little error for small
angle misalignment.

The specifications ,,f the LC-33 are listed below:

a. Electronics: Charge type.

b. Crystal: Lead zirconate Titanate.

c. Crystal cn?,th: 0.635 cm (0.25 in.)a

d. Time constant: Depends on charge amplifier, typically 2
s£co'nds or longer. T

e. Acceleration sensitivity: 0.07 kPa/g (0.01 psi/g) (measureo)b.

aDue to construction, the effective crystal length is approximately

2 cm long.
bThis quantity was not availablc in the manufacturer's literature, so it

was measured on one sample transducer.

3. 4.2 ICB Modiel 113 Lolliiop

The PCB lollipop consists of the acceleration compensated UCB 113
sensing element described earlier placed in a lollipop-shaped ojive.
Deta0il ot Lhe ojiVL shape is shown in figure 3.4-3. A photograph Of
the P[CB loll Top is shOwi in figure 3.4-4. The specdf-ications of the
PLfi lollipop are presented below:

o. Electronics: Voltage mode.

b. Crvsttil: Quartz.

(. Resonant friqunv 500 ktiz.

d. Crystal diametur: 5.54 mm.

e. Time constant: 1.0 second..
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3.4.2 (Cont'd)

f. Acceleration sensitivity: 0.014 kPa/g (0.002 psi/g).

g. Change in scale factor with temperature: 0.O54%/0 C (0.03%/0 F).

Figure 3.4-5 shows the side-on response of the PCB lollipop in the
USAIRI, shock tube. Note the sharp peak which indJcates the correct
pressure value, followed by an indication of slightly below the correct
value.

Figure 3.4-6 shows the PCB lollipop mounted in the field. Figure
3.4-7 shows the'side-on responsa of the PCB lollipop to a pentolite
blast wave. Note that the sharp peak is again present.

Like the the skimmer plate, the PCB lollipop is omnidirectional in
one plane but is very sensitive to misalignment out of that plane. Fig-
ure 3.4-8 demonstrates the effect of misalignment on pressure versus
time curves.

Figure 3.4-9 compares the effect of small angle misalignment of
the PCB lollipop and the LC-33 pencil gage. This chart was compiled by
comparing the mean of two pentolite shots in the misaligned configuration
to the mean of five shots in the side-on orientation.

Because of the variability of pentolite and the small sample size,
the exact shape of the curve is not significant. The general treads
indicated in the chart are, however, felt to be valid.

Note that the LC-33 attenuates when misaligned, and is within 5% of
the side-on value for more than ±10 degrees. The PCB lollipop is within
5% of the side-on v ilue for only 1-5 degrees and essentially duplicates
the directional characteristics of the skimmer plate.
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[I
SFigure 3,4-6. Photograph of PCB lollipop transducer mounted o•

heavy weight blast stand.
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SECTION 4. CALIBRATION TFCHNIQUES

4.1 INTRODUCTION

It is rather straIghtforward to determine the sensitivity of an
electrical pressure transducer which has DC response. Very acciiratr
standards for generating or reading static pressure are availaule.
Calibration is simply a matter of reading the electrical tranaducer's
output at a given pressure.

Most blast transducers do not have DC response. Various tech-
niques have been devised to catibrate these AC-coupled transducers.
This section discusses four of those techniquas.

4.2 THE SHOCK TUBE

The shock tube can be used for blast experimentation, to check
for proper transducer operation, and to calibrate transducers. Fig-
ure 4.2-1 is a schematic diagram showing operation of a shock tube.
Figure 4.2-2 is a photograph of a 10.2-cm (4-in.) Inside-diameter
shock tube. Figure 4.2-3 shows a typical plot of pressure versus time
from that shock tube.
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4.2 (Cont'd)
Seniors placed a known distance apart are used to measure the

velocity of the shock wave as It travels down the shock tube. In the
shock tube shown in figure 4.2-2, the sensors are 30.48 cm and 60.96 cm
apart. The Rankine-Hugoniut Equation introduced in section 2.1 is
used to calculate the side-on pressure level of the shock wave:

= P  7 (m2 _1)am 0

where

P * Side-on pressureI

P 0 Ambient pressure

m Mach number

V
a

where

v =Shock velocity

a w Speed of sound in air

a 20.09 Yr - meters/see

where

T * Temperature in degrees kelvin.

J
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4.2 (Cont'd)
It should be pointed out that the Rankine-Hugoniot Equation be-

comes very sensitive to measurement errors at low pressures. Tables
4.2-1 and 4.2-2 illustrate this fact'.

Table 4.2-1, Measurement erroto that will cause a 1% error in
calculated side-on pressure level. Po ý 101.35 kPa (14.7 psi),

0 200 C (680 F), a = 343.979 m/s, velocity gage base length
L 30.48 cm (12 in.).

TABLE 4.2-1. MEASUREMENT ERRORS

Pressure Level
15 kPa 35 kPa 70 kPa

Item (2.18 psi) (5.0_28s) (10.15 psi)

Time T to cross baseline 834.7 778.4 702.3
(microseconds)

AT for 1% error 0.5 0.9 1,3
(mi croseconds)

6L for 1% error (mm) 0.17 0.35 0.57
Ae for 1% error 0C) 0.33 0.67 1.09
APO for 1% error (kPa) 1.01 1.01 1.01

Table 4.2-2, Measurement errors that will cause a 1% error in
calculated side-on pressure level. Po - 101.35 kPa (14.7 psi),
So 20* C (68* F), a - 343.979 m/s, velocity gage base length
L 6 60.96 cm (24 in.).

TABLE 4.2-2. MEASUREMENT ERRORS

Pressure Level
15 kPa 35 kPa 70 kPa

Item (2.18 psi) (5.08 psi) (10.15 psi)

Time T to cross baseline 1669.4 1556.8 1404.6
(microseconds)

AT for 1% error 1.0 1.8 2.6
(microseconds)

AL for 1% error (mm) 0.34 0.70 1.14
A6 for 1% error (*C) 0.33 0.67 1.09
AP0 for 1% error (kPa) 1.01 1.01 1.01
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Four measurements are required to calculate the side-on pressurc
of a shock wave: baseline length, transit time, ambient temperature,
and ambient pressure. From the tables abnve, it Is obvious that am-
bient pressure is the least critical of the four measurements. Precise
lenguh measurement is also rather straight-forward.

The critical measurements are air temperature and transit time.
Low thermal mass thermocouples and elimination of thermal gradients
are required to obtain accurate air temperature measurements,

Note that timing accuracies on the order of I microsecond are
required. Counters are readily available which have 0.1 microsecond
resolution. The critical matter is triggering the counter.

Most transducers have a lO-microsecond rise time. Both the start
and the stop trigge-ing circuits must be adjusted to function at the
same point during their respective 10-microsecond rise times.

The shock tube provides an excellent means of testing dynamic
response of a transducer. Flow problems and anomalies in the prersuru
versus time curve, such as overshoot and ringing, are immediately

apparent.

Shock tube calibration of transducers has two disadvantages:
first is the sensitivity to measurement errors presented in the
tables above, and second is the difficulty of determining which point
(to within 1%) on a signal such as figure 4.2-3 corresponds to the
calculated pressure level.

4.3 THE STATIC PULSE CALIBRATOR

Figure 4.3-1 shows a simplified schematic describing the theory
of the static pulse calibrator. Pressurized air is stored in a large
tank. The air pressure level can be accurately measured with a static
pressure gage.

The test transducer is connected to a 3-way, quick-acting v'alve
that normally exposes the transducer to ambient atmospheric pressure.
Wh•en the valve is actuated, the transducer is exposed to the pressure
in the large tank. The valve is designed so that the volume changecaused by exposing the transducer to tank pressure is negligible.

Therefore, the transducer is exposed to a pressure Htep equal to the
pressure level indicated by the tank static pressure gage.

Figure 4.3-2 is a photograph of a commercial static pulse cali-

"brator. Unfortunately, the large tank is not visible in this photograph.
The large tank is behind the wooden panel which holds the gages and
controls. Figure 4.3-3 is a typical pressure versus time signal
produced by the static pulse calibrator.
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4.3 (Cont'd)
Measurement of the exact calibration pressure level is very accu-

rate when using the static pulse calibrator. Unfortunately, acoustlc
resonance Il the plmbing of the calibrator causes ringing :in thu
transducer signal.. This ringing mnke It difficult to determine tih
c\acI ot1t pit 1evi of thlie transducer for a given prc :.:urc levw1

'l11C ,t ILc pu lse calibrator can he used to examilic I ow t-r u' nt":
iharacteristics of transducers. Figure 4.3-4 shows the response of

the Endevco gage to a static step. Because the Endevco gage has DC
response, the correct stop function is produced.

Note that the rise time shown in figure 4.3-4 Is shorter Lhan the rise
Lime shown in figure 4.3-3. Rise times shorter than 5 millis'iconds exhibit

acoustic ringing in this particulat static pulse calibrator. The speed
with which the manually actuated 3-way valve is opened affects the rise

Lime.

Figure 4.3-5 shows the response of the PCB gage to a static step.
Note that because this gage is AC-coupled, the signal inmiediat.lv
begins an exponential decay. This exponential decay can be described
by the period required to decay from peak value to 37% of that value.
This period is known as the time constant of the gage.

The ST-2 gage has a much shorter time constant than the PCB gage.
Figure 4.3-6 shows the response of the ST-2 gage to a static step.
Note that the short time constant causes rapid decay. The rapid decay,
combined with acoustic ringing, make accurate static pulse calibration
of thle ST-2 gage difficult.

Another problem introduced by the static pulse calibrator is the
thermal effect of adiabatic compression, When the small volume of
air in the quick-acting valve is compressed from ambient pressure to
the calibration pressure level, the air is also heated. This same

thermal, effect is present when a shock wave compresses air; however,
the duration of the compression caused by a shock wave [s very ;lhort
as opposed to the static calibration pulse,, which I a a stlady atite
change.

The change In tept1'trature caMsed by adi1hat Ic COmpress lti I :
calculated as shown below:

.3I'
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4.3 (Con 'd)
where

T = Ambient tomperature (absolutc)
LI

T' Tumperaturv a fter compression (abs•olute)

o0 Ambient pressure (absolute)

P1 . Pressure after compression (absolute)

k - 1.4 fer air.

Air compressed from laboratory conditions of 1 atmosphere and
20* C to 1.5 atmospheres (an overpressure of 50.7 kPa - 7.35 psi) will
experience a temperature increase of 360 C. Figure 4.3-7 shows how
the thermal effect of adiabatic compression c-an be reduced by a• laver
of black electrical tape.
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4.4 SINUSOIDAL PRESSURE CALIBRATION

F Igure 4.4-1 Is a sImpLifteud schematic diagram dvscrrbinhi, t11Ihe
OperaLing pr ic[ple ot a comMerciai h[II h- inte si Ly 'iiicruplo cal ihr;it.

lh is Liii L Is 1i, k LiI lal Lv an enc losed loud s hLake r. Ali 8ce tric iiIL'
WlVu flipttl Lo Lill' L'OuI calSS Litlht. pI ,Luol Lu, 'uelrtIL 1 a ltl dal pr.u-
sure variation.

A calibrated resistor is used to monitor the input rurrent to the
coil and produces a celibrated electrical output that Indicaten the
magnitude of the pressure that the transducers are sensing. Figure
4.4-2 is a photograph of the calibrator and a locally fabricated power
unit. Figure 4.4-3 In a typical transducer output signal produced
by the calibrator at 100 Hz.

Figure 4.4-4 shows the electrical schematic diagram of a power
unit that was built to drive the calibrator. Its operation Is de-
scribed below. The letters in parentheses refer to the large capital
letters in the diagram.

The power unit has three modes of operation:

I. Manual Mode: The signal from a 100 Hz oscillator (A)
is adjusted by the "manual gain adjust" potentiometer and
drives the power amplifier (B), which provides up to 1.5 amps
required to drive the calibrator.

II. External Mode: The signal from an external oscillator

drives a variable gain amplifier (C), which drives the power
amplifier (B).

IT1. Self Adjust Mode: The calibrator provides an accurate
monitor voltage at the "voltmeter Jack" which is proportional
to pressure (20 Pa - 1 mV). The power unit shown in Figure
4.4-2 has been adjusted to maintain 121.9 mV RMS aLt the
"voltmeter" lack which corresponds to 2.44 kPa RMS or I psl
peak-to-poak.

The AC signal from the "voltmeter" lack is converted
to a DC voltage (D). This voltage is compared to the
desired reference level by a servo amplifier. Any resulting
error signal. drives an integrator (E). The integrator
controls the gain of a 100 Hz sine wave by use of a muilti-
plier (F), which In turn, drives the power amplifier (B).

When used in the "Self Adjust Mode," the proportional feedback
servo system is underdamped (i.e. , it has overshoot). ThUe outpuL
settles to within 1% tolerance of the desired value In I cycle, which
is approximately 4 seconds long.
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A tolerance LED (G) is illuminated when the "voltmeter" signal
Is within 1% of the desired level. The upper tolerance potentiometer
(H) and lower tolerance potentiometer (1) must be periodically checked
and adjusted to perform this function. The level adjust potentiometer
(J) shuuld be adjusted if the desired pressure level Is not being
maintained.

Any time it is necessary to monitor the signal. at the "voltmeter"
Jack, a voltmeter completely isolated from ground must be used. Other-
wise, ground loops will cause a variation in the pressure level gen-
erated, and the relationship between pressure and voltage (20 Pa - 1 mV)
will no longer be valid.

The transducer signal produced during sine wave calibration can
be accurately read with a voltmeter or digital transient recorder.
The calibrator is portable, so on-site calibration can be performed.

Because calibration is performed well above the low-frequency rolloff
point, the time constant of AC-coupled transducers does not affect
calibration.

The fact that sine wave calibration is conducted at a relatively
low level (2.4 kPa RMS) introduces several problems. This level is
often at or below the low amplitude limit of the transducer's pressure
range, which means the signal to noise ratio may be small.

Transducer nonlinearity becomes a problem at low pressure levels.
A transducer with a full scale range of 500 kPa for example, could
have a linearity error of 2.5 kPa at its low range. This error rep-
resents an error of only 0.5% of full scale, but represents an error
of 50% to 100% of the reading at the low range used in sine wave
calibration,

It has also been discovered that the small piece of electrical
tape used for thermal protection of the transducer can cause errors
in low level sine wave calibration. This is particularly true if the
tape is old and not sticking well.

4.5 PENTOLITE CALIBRATION

Figure 4.5-1 shows a 454-gram (1-1b) bare spherical charge of
pentolite being Icepared for detonation. Goodman has presented (in
ref 7) an empirically fit equation to predict the peak pressure level
produced by a given charge of pentolite at a given distance. Figure
4.5-2 shows the variation of peak pressure and the author's conversion
of Goodman's equation into SI units.

Figure 4.5-3 shows a typical plot of pressure versus time from a
pentolite explosion. On very rare occasions, strange waveformR, such
as the signal shown in figure 4.5-4 are produced. In almost 400
observations, strange waveforms like the one shown were observed three,
times.

1.11
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4.5 (Cont'd) j
Table 4.5-1 shows typical shet-to-shot vartation obtained with

pentolite. Note that at low pressure levels, the variation of nrrival
times correlates well with the variatioo or Indicated pressure. At
higher pressure levels, however, variations In nrrival time do not
correlate with variations in indicated pressure. SectJun 4.7 will
address discrepancies between the indicated pressure levels and those
calculated from Goodman's equation.

TABLE 4.5-1. PEAK PRESSURES AND ARRIVAL
TIMES OBSERVED F•ROM DETONATION OF

479 GRAM PENTOLITE SPHERE$

Distance Peak Pressure Arrival Time
(kPa) .(ma)

5.42 22.1 10.55
5.42 21,7 10.61
5.42 21,2 10.69
5.42 22,1 10.46

4.39 29.3 7.9004.39 29,9 7.906 :i
S4.39 29.9 7.931

3.19 48.5 4,906
3.19 49.4 4.806
3.19 48.2 4.900
3.19 49.2 4.763

2.64 68,6 3,500
2.64 67,2 3.575
2.64 67,1 3.531
2.64 63.7 3.481

2.17 97.2 2,416
2.17 98.6 2.581
2.17 99.3 2.556
2.17 104.8 2.556

1.16



4.6 COMPARISON OF LAYORATORY CALIBRATION TECHNIQUES

Three of the calibration technique.s previously dicus.-ied cinn bo
lperformod in the laboratorv: Showk Tubv,0 S-ine Wave, -Ind Stattic Pi I,,w,
'T'ablc 4.6-1 ,I41ww. the results of these three different tvchnflpu,-' tin
I0 ST-2 ga La..

Since any one of these techniques could be used alone to calibrate
a transducer, it is disappointing to see such large discrepancies be-
tween the various techniques. Although three of the gages produced
quite consistent readings, the mean extreme spread observed was 4.8%.

Table 4.6-2 shows before fire and after fire calibration data
from seven PCB gages and eight other transducers. The mean extreme
spread observed was 4,5%.

These two tabiles lead one to the disappointing conclusion that
laboratory tests are seldom more accurate than 5%, Hand-picking
transducers can improve this accuracy.

Laboratory tests arr conducted in much more favorable conditions
than field tests. Ambient temperature change, long cables, acceleration
of stands, rain, mud, etc., can all be expected to cause errors that
are added to the 5% calibration error,

TABLE 4.6-1. COMPARISON OF VARIOUS LABORATORY CALIBRATIONS
OF 10 DIFFERENT ST-2 GAGES, SENSITIVITY OF

TRANSDUCERS EXPRESSED IN MV/KPA

GAGE
SERIAL STATIC SINE SHOCK EXTREME

NO, PULSE WAVE TUBE MEAN SPREAD (%)

1481 20.7 20.5 20.7 20,6 1.0%
2104 16.4 15.8 16.7 16.3 5.5%
2262 17.4 16.9 17.1 17.1 2.9%
1262 25.8 23.6 25.3 24.9 8.8%
2267 20.7 20.3 21.8 20.9 7.2%
2106 15,3 15.0 16.1 15,5 7. 1%
2103 21.3 2.1.0 21.1 21.1 1.4%
2003 15.1 14.9 16.3 15.4 9.17%
2094 16.6 .1.6.2 16.7 16,5 3.0%
2091 16.1 15,8 15.8 1.5.9 1.9%
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TABLE 4.6-2. COMPARISON OF BEFORE AND AFTER FIRE CAI,13RATIt)N
DATA FOR A VARIETY OF TRANSDUCERS. SENSITIVITY OF

TRANSDUCERS EXPRESSED IN MV/KPA

BEFOREl F IRE AFTER F I RF,
CALIBRATION 13-19 AU(; CALIBRATION 25-2tAITI;

GAGE TYPE STATIC SINE SHOCK STATIC SINE SHOCK EXTREME
SERIAL # PULSE WAVE TUBE PULSE WAVE TUBE MEAN SPREAD (%)

PCB #I 2174 9.51 9.54 - 9.46 9.70 9.53 9.55 2.5
PCB # 2178 10.08 9.96 - 10.05 10.21 9.86 10,03 3.5
PCB # 2179 7.41 7.51 7.69 7.30 7.09 7.30 7.38 8.1
PCB # 2180 8.57 8.67 8.61 8.60 8.50 8.54 8.58 2.0
PCB # 2181 8.64 8.66 8.48 8.47 8.64 8.92 8.64 5.2
PCB # 2182 8.03 8.18 8.03 7.88 7.92 7.96 8,00 3.8
PCB # 2184 7.11 7.22 7.11 6.95 7.22 6.90 7.09 4.5
ST-2 # 1481 19.9 20.0 19.7 20.7 20.0 19.4 20.0 6.5
ST-2 # 1482 19.7 20.2 18,6 20.0 19.4 18.b 19.4 8.2
LC-33 # 99 400 - 387 - - - 394 3.3
LC-33 # 104 435 - 420 - - - 428 3.5
LC-33 # 667 417 - 407 - - - 412 2.4
LC-70 0 737 15.8 15.8 14.5 - - - 15.4 8.4
LC-70 # 719 15.5 16,2 15.5 - - - 15.7 4.5
Endevco # EG-56 57,4 58.0 . . . . 57.7 1.0 .

rII

4.7 COMPARISON OF PENTOLITt CALIBRATION WITH LABORATORY CALIBRATION

Many different transducers were calibratud in tht, laboratory,
using the ahock tube, stne wave calibration, and stat ic pulse cili-
bration. These transducers were then placed in a pentollte blast
field to measure peak pressure.

Blast wave velocity was also measured, as well as ambhient tenm-
perature and pressure. The velocity mensurements mnd tht, Romikint.-HugoniLot EqEuation were used to u;cltl late pok prensure 1eveo 14.

Two types of probes were ueod to make volocity mw;hlrevtr1ntH.
One probe had three PCB transducers with 30.48-cm (l-ft) spacitgs.
The other probe used two LC-70 transduers 45.72 cm (18 In.) apart.
FIgures 4.7-1 and 4.7-2 show the prohce which used LC-70 t rnsduci-rs.

Tabhh 4.7-1 presv'mnts the resoults, c•mparing the tramsducer
meatsurements , veloci ty mneasuremilt, t H , alld Ca 1 ('111 at 1n of paill< p reHOsm L''
from (hodman'H equation (ref 7). Note that at- 1ow prv,.qLssrv I evtk-1
(20 kPa), the trainsducer ineasuremn t s indtcate peak p l', sso re. rouihlv
10% higher than the vlnitilated pen-k pres~-urvi4. 'Thl ye'tlv i':nlor-
ments ailsc IndIcat'Le higher peak pressur levels than I Hw ert1 t.t Itkll
predicts. At higher pressure leveIs (70 kPa nid 100 kl';t), ogrtk-11i'lt
I• much bettor.

1.18
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4.7 (Cont'd)

TABLE 4.7-1. COMPARISON OF PRESSURE AND VELOCITY MEASUREMENTS WITH
PREDICTIONS FROM GOODMAN'S EQUATION FOR PENTOLITE EXPLOSIONS. BARE
SPHERICAL CHARGES WEIGHING 479 GRAMS WERE USED. N

MEASUREMENTS MADE AT A NOMINAl, 20 KPa LEVEL 5

SCALED ýMAS MEAN 6

DISTANCE THEO PK PK PRESS 5

N CH (M/Kg 1/3) (KPa) (KPa) % ERROR 4

4
4 ST-2 1 7.23 19.2 23.4 21.9 DIRECT 2
5 ST-2 2 7.23 19.2 21.3 10.9 PRESSURE
5 PCB 3 7.05 19.9 21.7 9.0 MEASUREMENTS
5 PCB 4 7.03 20.0 20.1 5 M

5 LC-33 5 7.09 19.8 20.8 5.1 X - J0.8 N

5 PCB 6 6,56 22.2 25.0 12.6
4 PCB 6' 6.96 20.3 24.5 20.7 3

4 PCB 7' 6.94 20.4 21.7 6.4
5 PCB 8 7.34 18.8 20.0 6.4
5 LC-6 9 6.90 20.6 22.8 10.7
5 LC-6 10 7.48 18.3 20.1 9.8
4 PCB Lollipop 11' 7.13 19.6 22.7 I 15.8

START STOP MID PT VEL MEAN ERROR N

DISTANCE DISTANCE THEO PK PK PRESS
N (METERS) (METERS) (KPa) (KPa) 4VELOCITY 4

5 5.14 5.44 21.2 21.4 .9 MEASUREMENTS 3

5 5.44 5.75 19.6 21.8 11.2 x - 7.1
5 5.14 5.75 20.4 21.7 6.4

5 5.39 5.85 19.4 21.3 9.8

MEASUREMENTS MADE AT A NOMINAL 30 KPa LEVEL

SCALED MEAS N:AN

DISTANCE THEO PK PK PRESS N

N CH (M/Kg 1/3) (KPa) (KPa) % ERROR 4

5 1 5.67 27.8 32.9 18.3 DIRECT 2
5 2 5.53 29.0 30.2 4.1 DIRESCRET

5 3 5.61 i 28.3 32.7 15.5 PRE SSUREME T F E D: N u
MEASUREMENTS L G N : N I

5 4 5.49 29.3 30.5 4.1

5 5 5.55 28.8 29.9 3.8 X 8.9
5 6 5.14 32.7 37.5 14.7 SCA]

4 6' 5.61 28.3 31.5 11.3 DISTl

4 75 5.61 28.3 29 30.0 6.0 THEO

5 8 5.92 26 20 27.7 6 5. 3
5 9 5.57 28.6 29.1 1.7

2 43 15 24.5 26.522 8.2 MEAS
4 ill11, I65.66 27.9 31.4 12.5 PK PIU

START STOP MID PT VEL MEAN START
lDISTANCE iDISTANCE THEO PK I PK PRESS 'DISTANCI

2 (1ETERS) (METERS) (KPa) (KPa) % ERRORP i

5 4...02 ... 33 30.7 30.5 -.. 7 VELOCITY DI..TAN.
5 ',.33 4.63 27.4 29.8 a.8 MEASUREMENT" MID

5 4.02 4.63 29.0 30.4 4.8 "X•5.3 I'HEO P

5 4.36 4.82 26.4 27.8 5.3
L2 4.33 "4.79 26.7 28.9 8.2 VL1
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MEASUREMENTS MADE AT A NOMINAL 50 KPa LEVEL

SCALED TEAS MEAN
DISTANCE ThEO PK PK PRESS

N Cli (M/Kg 1/3) (KPa) (KPa) ' ERROR

6 1 4.05 49.9 56.1 12.4 I)IRECT
? 51.2 2.6 PRESSURE5 2 1 51. 2. *AS UREMENTS

6 3 53.9 8.0
5 4 " " 51.4 3.0 X- 4.1

5 5 " " 53.2 6.6

4 6' 4.07 49.4 50.6 2.4

4 7' " " 48.8 -1.2

2 11' 4.06 49.6 49.2 -. 8

E
MENTS START STOP MID PT VEL MEAN

0.8 DISTANCE DISTANCE THEO PK PK PRESS
N (METERS) (METERS) (KPa) (KPa) % ERROR

3 3.08 3.54 46.1 50.8 10.2

MEASUREMENTS MADE AT A NOMINAL 70 KPa LEVEL

SCALED MEAS MEAN

DISTANCE THEO Pit PK PRESS

N CH (M/Kg 1/3) (KPa) (KPa) % ERROR
DIRECT

,4 6' 3,37 71.5 71.6 . l PRESSURE

4 7' 3.37 71.5 66.7 -6.7 MEASUREMENTS•NTS 3 ill 3.49 66.6 69.6 4.5

.1 7X -. 7

.II I I4I

•' -MEASUREMENTS MADE AT A NOMINAL 105 KPa LEVEL

SD c SCALED hEAS MEAN
DISTANCE THEO PS PT PRECSNCH l[(M/Kg 1/3) (KPa) (KPa) %ERROR DIRECT

SPRESSURE
4 6 ' 2.78 107.3 98.3 -8.4 MEASUREWN~TS

E 4 7127 00.0 -6.8 " =-,
S2 ill 2.77 108.2 95.8 -11. 5

LEGEND: N- Number of shots at stated location. CH- Channel lumber.

SCALED - Distance from charge/(Matw of charge) b - Distance from charge/0.7824
DISTANCE

THEO PK- Peak side-on overpressure calculated from Goodman's equation.

MEAS NEAN
PKPRS Mean of N peak side-on pressure measurements made at stated location.

THEO PS at a point midway between stop and start distance.

VEL MEAN Peak Aide-on overpressure obtained using velocity tram timer and
PK PRESS the Ranktine-Hugoniot equation. Mean of N shots.



4.7 (Cont'd)
The reason for discrepancy at the low pressures Is not fully

understood. There are several possible causes. Differences between
field testing conditions and laboratory conditions, such as ambient
temperature, acceleration of the transducer stands, et.., may be
responsible for the difference.

The particular lot of pentolite used may have been unusual. The
explosives technician who cast the spheres noted that this lot required
twice as long to melt as brand new pentolite normally requires.

This characteristic Is not thought to be irregular. It occurs
any time pentolite is "recycled" (i.e., cast, shredded, and recast).
The explosives technician did not feel that "recycling" affects the
explosive properties of pentolite.

Goodman's equation has been the foundation for much of the blast
work in the last 20 years. Many investigators have confirmed his
work. It would be unwise to conclude that Goodman's equation is in
error by 10%, baped on one set of observations. It would seem
equally unwise, however, to continue to use pentolite as a calibration
technique until the observed discrepancies have been resolved.IV

123
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SECTION 5. EXTRANEOUS EFFECTS

Blast overpressure transducers often measure events not related to
pressure, such as acceleration and thermal transients. Testing con-
diLt0ons, stich as ambi ent Lempe riture, transducer mount ing and clin i:cc of
test si .tI ! also af fect L hIe U lelksur•inenLs . This Seecttil deuscr1 hes varlmu.is
observat lons and experiments conducted to InvesLigate L1heS0 ut ranvloulo

5.1 ACCELERATION ERROR USING A MINIATURE TRANSDUCER

Figure 5.1-1 shows a PCB transducer mounted on a lightweight stand
and Lovered with a metal cap. The cap is sealed with a teflon-coated
nut to prevent pressure from reaching the transducer.

Figure 5.1-2 shows the output of an accelerometer mounted to the
stand when ýt is struck by a pentolite blast wave. Note the low fre-
quency oscillation at about 40 Hz that occurs after the stand has been
struck by the blast wave. It is assumed that this oscillation is
caused by stand whip.

Figure 5.1-3 shows the output of the transducer when it is not
covered. Note that the peak pressure level is approximately 30 i>Pa.

Figure 5.1-4 shows the output of the covered transducer. Note
that if there is any 40 Hz signal caused by stand whip, it is below the
ambient electrical noise level. The peak "apparent pressure" is 3 kPla
or 10% of the actual pressure level present.

Figure 5.1-5 is an expanded view of the signal from the transducer
when it is not covered. Note the two distinct peaks caused by thte
incident wave and the ground reflection.

Figure 5.1-6 is an expanded view of the accelerometer mounted to
the stand. Note the two distinct envelopes corresponding tLo the inci-
dent wave and the ground reflection striking the stand. Oscillation in
the first envelope is approximately 30 g at 11,000 Hz.

Figure 5.1-7 is an expanded view of the output of the covered
transducer. Once again, two distinct envelopes are present. Note the
oscillations are now at 16,000 Hz rather than 11,000 Hz. This shot was
fired without the mass of the accelerometer and its clamping hardware
attached to the stand. It is assumed that this reduction or mass cauwed
the higher resonant frequency.
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Just as removal of the accelerometor and clamping hardware In-
creased the resonant frequency, it is assumed that the acceleration Level
was also increased. A crude method of estimating thu Increased Iccelera-
Lion level is to multiply by the ratio of the frequencies:

EsLImated Acceleration Level - 3o g (16i,0)-) ,- 400 Y

In figure 5.1-7, oscillation in the first envelope is approximately
0.7 kPa. The acceleration sensitivity, therefore, is:

0.7 kPa . 0.016 kPa/g
44 g

The manufacturer advertises an acceleration sensitivity of 0.014 kra/g
for this transducer.

It should be noted that the covered gage produced a signal that was
approximately 9% of the level measured by the uncovered gage. This
result emphasizes that acceleration can cause significant error, and
that careful attention should be given to isolating the transducer from
accele ration.

5.2 ACCELERATION ERROR USING THE LC..'33 PENCIL GAGE

Figures 5.2-1 through 5.2-4 show the steps of preparing and in-
stallIng the LC-33 pencil gage in heavyweight blast stands. Note
particularly the two rolls of rubber tape used to support the transducer
in the stand.

Those pieces of rubber support the gage in the blast stand. They
also isolate the transducer from high frequency vibration. As described
below, these pieces of rubber can also cause problems.

Figure 5.2-5 shows the response of a properly mounted LC-33 gage tL,
a pentolite blast wave. Contrast that signal with the signal shown in
figure 5.2-6 which is the response of an improperly mounted LC-33 gage.

Figure 5.2-7 is the response of the same improperly llmounted trails-
ducer when its sensing element was covered. 'lote the oscillation at
approximately 240 Hz. The amplitude of these oscillations is almost
10% of the actual pressure level, This transducer was found to be looHe
in the blast stand, and would vibrate if tapped by hand.

Figure 5.2-8 shows acceleration measured on a havyweight blast
stand. Note that high frequency acceleration Is prlqsent. None of ttl i
high frequency acceleration appears on the signal I'rom thie transduc'er,
indicating that the rubber did effectively Isolate the transducer from
high frequency acceleration.

Note also that no low frequ.ncy acceleration (sdand whip) k
present. hlse heavyweght stand is alfuc arenly rigid etnonh .htnt dw;hid

whip Is el imvnatetd.
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5.3 ACCELERATION ERROR IN VEHICLES

Figure 5.3-1 shows an example of a field measurement that was
ruined by acceleration. This measurement was made with an ST-2 gage
mounted on a stand which was attached to an armored personnel carrier,

Arrival of the first blast wave is indicated by a high amplitude
pressure with a short rise time. Note that apparent deviations feumr
ambient pressure begin before the first blast wave arrives.

These signals are assumed to be taused by acceleration of tlhe mor-
tar transmitted through the [.m'ie of the armored personnel carrier to
the transducer. Because the acceleration waves travel through metal
much faster than blast wave! travel through air, the acceleration reaches
the transducer before the $,11st wave. Note that additional acceleration-
induced signals are produced at the end of the record.

Figures 5.3-2 and 5.3-3 show an "A" frame structure thaL was built
to support the transducers. This structure permits accurate placement
of the transducers without any contact between the vehicle and the
transducer support system.

Figure 5.3-4 shows a blast measurement made using the "A" frame
structure. Note that no extraneous acceleration signals are present.
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5.4 EFFECTS OF AMBIENT TEMPERATURE

Variations in ambient temperature occur in field measurumonts
during the test day. During winter and summer testing, there is a
dramatic difference between the [ield meaiurement temperature and th1
laboratory temperattUro whu.rU cal)llbrat ion of transduccrH ii performed.

A laboratory experiment was conducted to deteLrine Lheu ui'tcL of
ambient temperature on sensitivity (output/unit pressure) of various
transducers. The transducers were placed in the static pressure pulse
calibrator and heated or cooled to vari.ous temperatures. Figure 5.4-1
shows the results of this experiment.

It was nece8A'ry to complete the testing of each transducer in one
8-hour day. The transducers were not permitted to remain at one tempera-
ture long enough to eliminate all thermal gradients. A special fixture
had to be cunstructed to use the LC-33 pencil gage in the pulse cali-
b,'ator. It is assumed that thermal gradients in this fixture caused the
very strange shape of the LC-33 curve in figure 5.4-1.

Because of the thermal gradients present, it iL. felt that the exact
rihape of any of the curves in figure 5.4-1 is not meaningful. The
general trends of the different curves are, however, felt to be valid.

The temperature-compensated strain gages in the Endevco gage were
far less sensitive to temperature change than the various crystals.
The man-made crystals (lead metaniobate in the ST-2 and lead zirconate
titanate in the LC-33) were more sensitive to temperature change than
the natural crystal (quartz in the PCB gage).

i4
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I
5,5 EFFECTS OF THERMAL TRANSIENTS

Figure ').5-i '-hows it blast measurement made in a crew Incati On
durinv ,'iriug of a 'iO'N missile. Figure 5. '-2 sliows I m ,I1:urTmL; Luijiad.

ill tILe sitIMU location with the Latllcher siI gnt.tl rot;atod.

!n this second caae, exhaust gages from the rocket caused a thurmal
transient large enough to affect the pressure measurement. Locations
close to the muzzle of a large caliber artillery ?iere have produced
similar thermal transient problems.

I) thermal transients, a technique suggested by the National Bureau of
Standards (ref 9) was used. Figures 5.5-3 and 5.5-4 show the response t.
of a silicon photo-diode placed 22 cm in front of an elect'onic flash
and a Sylvaýia No. 2 flashbulb (equivalent to the GE No. 22 flashbulb

discussed in ref 9),

Note 6ihat the integral, which is proportional to energy, of the
flashbulb cirve is roughly 10 times larger than the integral of the
electronic flash curve. This indicates that In the near infrared spec-
truum to which the silicon photo-diude responds, the flashbulb producc.
10 times as much energy.

Figures 5.5-5 and 5.5-6 show the response of tle PCB gage and the
ST-2 gage to the electronic flash, 22 cm from the transducer. Note that L
placing a layer of black electrical tape and a layer of aluminum-co-uti

,yiar tape over the transducer reduced the thermal transient response of
both transducers dramatically.

Figures 5.5-7 and 5.5-8 show the r.espouse of the PCB gage and the

ST-2 gage to the No. 2 flashbulb. Note that the response of 6oth trans-
ducers is roughly an order of magnitude greater th,'n their response to
the electronic flash.

The quartz crystal in Lhe PCE transducer is surrounded by stainiss

steel. When the end of the transducer is heated by the ther'mal transient

it expands, pulling on the crystal. This tension on thc crystal -i

electrically interpreted as a pressure rarefaction or "negative" !prcs--

sure.

The lead metaniobate crystal in the ST-2 gage is mounted in stoin-

leis steel but covered with a nylon cap. The thermal cocf'ficient of

expansion of nylon is rk-ghly five times larger than ,.hat of stalnLuesu

steel.
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Heating the nylon cap caused it to expand more than the surrounding
stainless steel. This differential expansion pushes on the crystal.
Compression of the crystal is electrically interpreted as positive pres-
sure.

Note that the unprotected ST-2 gage has roughly five times the
thermal transient response of the PCB gage, When both transducers ore
protected, their thermal transient response is about the same.

The flashbulb produces a rather intense thermal transient, much
more severe than would normally be encountered in testing. Certain test
situations, such as shaped charge penetration of an armored vehicle, do,
however, produce very large thermal transients.

It should also be mentioned that preliminary experiments with the
Endevco gage produced immediate full scale deflection when it was sub-
jected to any kind of flash. This result is caused by the fact that
the diffused silicon diaphragm in the Endevco gage is photosensitive.

Because the Endevco gage is so sensitive to light, the technique
described above could not be ised to test its sensitivity to thermal
transient, Other experiments, such as immersing the transducer in water
at different temperatures, indicated that the Endevco gage had very
little response to thermal transients that did not produce light.

An informative discussion of thermal sensitivity of transducers
and ways to reduce thermal sensitivity can be found in a otudy conducted
at the National Bureau of 8tandards (ref 10). Additional information
can be found in a study conducted by Coulter at the US Army Ballistic
Research Laboratory (ref II).

5.6 THERMAL DRIFT IN FIELD MEASUREMENTS

When the transducers discussed in this report were used to measure
very small pressures (, 2 kPa), very small thermal gradients can cause
problems. Changes in temperature caused by a small breeze cnooling the
transducer, or the sun going behind a cloud cause very minor contraction
and expansion of the transducer housing.

If the instrumentation time constant is long and the pressure level
is small, measurements such as the example shown in figure 5.6-1 can
result. The fact that any measurement at till was obtained tends to
understate the situation that day,
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5.6 (Coo~t 1d)

The charge amplifier output would drift first in one direction,
and then in the opposite direction, sometimes slowly, sometimes rapidly.
At the time the round was fired, the charge amplifier was being reset
to zero every 1/2 second. The fact that the pressure wave did not ar-
rive while the amplifier was being reset was purely chance.

I• The signal conditioning for all crystal type transducers is AC-
coupled. By changing the low-frequency rolloff characterlLics of the
signal conditioning, thermal drift can be filtered out. There is a
danger, however, that this filtering will also distort the pressure
measurement.

An experiment was conducted by artificially changing the low-
frequency rolloff characteristics of several transducers. The relation-
ship between time constant and low-frequency rolloff ist

0.16

where

tfo a rolloff frequency (-3 db down point) in Hz.
•,• TC w time constant in seconds.

Transducers with different time constants were used to measure
muzzle blast 100 meters trom a 105-mm tank gun. The results are shown
in figures 5.6-2 through 5.6-6 and summarized in table 5.6-1,
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5.6 (Cont'd)

TABLE 5.6-1. SUMMARY OF THE RESULTS OF ROUND 6, 5 JULY 1979

Low
Frequency Time Peak
Rolloff Constant Pressure A-Duration

Channel Transducer (Hz) (sec)iL (kPa) (ms)

6 LC-33 pencil gage 0.08 2 - 14.00
7 PCB 106B 0.16 1 1.61 13.78
9 PCB 112A21 1.6 0.1 1.90 13.00
8 PCB 106B 16 0.01 1.61 9.24
1 B&K microphone 30 0.005 1.63 4.12

A mathematical model of an RC high-pass filter with a 6 dB!octave
rolloff rate was constructed. A waveform similar to a blast wave was
mathematically generated. This simulated blast wave was used as in
input to high-pass filters with various rolloff frequencies.

The results of this mathematical exercise are shown in figure 5.6-7.
These mathematical results 'agree quite well with the experimental
results from round 6. Note the large discrepancy between the original
waveform and the response of a circuit with a 30 Hz rolloff frequency.
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5.7 EFFECTS OF TEST SITE LAYOUT

The test site should be an open, flat area, clear of obstacles.
Exactly how far the nearest obstacle can be to the transducers depends
on the blast source. The following example illustrates how test site
layout can affect blast measurements.

Figure 5.7-i is a scale drawing of a layout that was used to make
some measurements of the muzzle blast of the M198 howitzer. Note the
proximity of the bombproofs (for test crew protection) to the weapon.
Figures 5.7-2 through 5.7-4 are photographs of the test site.

Figures 5.7-5 through 5.7-8 show the outputs of the four transducers.
This test produced two interesting observations:

a. Reflections from the bombproofs were occasionally greater than
10% of the peak pressure and therefore affected "B" duration.

b. In some cases, the peak pressure measured by the LC-33 pencil
gage was caused by the ground reflection, whereas the peak pressure
measured by the ST-2 gage was always caused by the initial blast wave.

In reference to observation No. 1, note the pressure pulse that
appears 84 milliseconds after the primary wave on channels 1 and 2, and
appears 88 milisaconds after the primary wave on channels 3 and 4. This
pulse seems to be caused by reflection from bombproofs 2 and 3, as
shown in figure 5.7-1. The following calculations confirm that sus-
picion:

Distance from muzzle to bombproof 2 and 3
and back to CH 1 and 2 123.6 feet

Distance from muzzle to CH 1 and 2 - 21.5 feet

102.1 feet

Time for an acoustic wave traveling at
speed of sound to go 102.1 feet 91 milliseconds
Distance from muzzle to bombproof

2 and 3 and back to CH 3 and 4 129.5 feet

Distance from muzzle to CH 3 and 4 - 22.3 feet

107.2 feet

Time for an acoustic wave traveling at
speed of sound to go 107.2 feet 96 milliseconds
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5. 7 (Cont'd)

Since a blast wave travels faster than the speed of sound, a care-
ful calculation of the transit times using the actual velocities (which

are a function of blast pcessure) would produco shorter transit rimes.
The above rough calCulations are so close to the observed transit times
that a riore sophisticated calculation is unnecessary.

The effect of bombproof No. 2 and 3 on the pressure time curve is
clear. The effect (if any) of bombproof No. 1 is not clear. It does

seem advantageous to insure that flat surfaces do not face directly
toward the source of blast.

In reference to observation Lo. 2, the directional sensitivity of
the LC-33 pencil gage and the blunt cylinder mount explains this ob-
servation. As shown in figure 5.7-9, note that at negative miaalignment
angles, the blunt cylinder maunt attenuates more than the LC-33. It
is estimated that a 6round reflection would strike the transducer at an
angle that corresponds to approximately -30 degrees on figure 5.7-1.
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5.8 EFFECTS OF AERODYNAMIC CLEANLINESS

Every object in the flow field of a shock wave generates a signa-
Lure. It is desirable to have transducers that are as aerodynamically
clean as possible. The following example illustrates this point.

Figurre 5.8-1 shows the standard clamping arrangemelnt used ', •eclrc
the blunt cylinder mount. These clamps provide several rotational
degrees of freedom to facilitate accurate alignment.

Figure 5.8-2 is a pressure-time history obtained with the standard
clamp. Note the bump that occurs roughly 600 microseconds after the
blast wave passes the transducer. This bump is assumed to be caused by
a reflection from the clamping mechanism.

Figure 5.8-3 shows an aerodynaiaically clean method of holding the
blunt cylinder mount. Alignment was accomplished by raising or lowering
the stand until grazing incidence we.s achieved.

Figure 5.8-4 shows a pressure measurement made with the aerody-
namically clean mount. Note that the pressure decay is smooth, indi-
cating no reflections are present.

This experiment confirmed the suspicion that the bump during the
decay portion of the standard mount measurement was caused by reflectio_
from the clamping mechanism. The next step was to create an intention-
ally dirty clamping arrangement and see if doing so accentuates the
reflection problem. I.

Figure 5.8-5 shows the aerodynamically dirty clamping arrangement.
Note that the transducer is placed close to the supporting mechanism
and the thumbscrews are turned so that they are flat, reflecting sur-
faces, perpendicular to the direction of flow.

Figure 5.8-6 is a pressure versus time history obtained with the
dirty mount. Note that the reflection has been dramatically accentuated.
In fact, the peak pressure in this measurement is caused by the reflec-
tion from the clamping mechanism, not from the incident pressure wavel

It is important to avoid situations where peak pressure depends
more on the measurement system than the incident pressure wave. As
illustrated in this example, attention to aerodynamic cleanliness is
required to avoid such a situation.
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SECTION 6. RECORDING, PLAYBACK, AND ANALYSIS OF DATA

6,1 INTRODUCTION

The choice of equipment used to record and analyze blast measutr-
munts can have a significant effect on the results obtained. F]igurer
6.1-1 shows a typical block diagram for data acquis-Ition and datn
analysis Instrumentation. Figure 6.1-2 shows a daLa-aLqulsitiun
trailer in the field,

Figure 6.1-3 shows the interior of an FM tape recorder trailer.
This kind of data-acquisltion instrumentation has been standard at
APG for many years. Analysis of the data is accomplished by subsequent
digitizing of the FM magnetic tape.

Figure 6.1-4 shows the i q.rior of one of Lhe new digital data-
acquisitioni trailers, In this facility, the analog signal from the
transducer is immediately converted into digital form and stored in
digital memory. A mini-computer in the trailer controls transfer of
the data and can perform on the spot analysis if necessary.

Figure 6.1-5 shows i digital transient recorder that has been
interfaced to a digital calculator and plotLer. Because of its small
memory (4000 words), only a portion of the blast record can be
faithfully recurded and stored.
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6.2 EFFECTS OF FILTERS

Almost all analysis of blast overpressure is performed by digital
computers. An anti-aliasing filter is required prior to digitizing
analog w\aeforns that are produced by a magnetic tape or directly from
tht transducer.

Various filters are availble for this purpose. Some are designed
for optimum frequency response, others are designed for optimum
transient response. Analysis of blast overpressure is normally done
in the time domain, with considerable interest in the peak pressure.
For these reasons, optimum transieut response is desired.

Figure 6.2-1 shows the response of various 40 kHz filters to a
step. Note that the Elliptic and Butterworth filters (which are de-
signed for optimum frequency response) have severe overshoot. Note
that the Bessel filter (which is designed for optimum transient response)
has the least overshoot and the shortest rise time. Because of these
qualities, the Pessel filter is specified in the standardized procedures
for muzzle blast measurement (ref 4).
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6.3 TAPE RECORDER EFFECTS

Some tape recorders have filters in the playback electionlcs that
are user-selectable. The Honey#ell 96 tape recorder has the option of
optimum frequency response or optimum transient response in playback.
As shown in figure 6.3-1, the optimum transient response is preferable
for analysis of transients with short rise times, like blast waves.

Figure 6.3-2 shows a recording played back through a BeAsel filter
and the Bessel setting in the rucorder playback electronics compared
to the same recording with Butterworth filtk.InS. Note that inter-
pretation of the peak pressure of this recording can differ by 13%,
depending upon how the filters are set.
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6.4 COMPARISON OF RAW TRANSDUCER OUTPUT TO RECORDER AND FILTERED
SIGNALS

Reference 4 requires that aninlysis of muzzle blast measuremehLS
be porformed after the signal has been passed through a 40 kHz I(,-,s,-l
filter with 36 dB/octave rolloff. To compare the effect of fill-, .(I
versus unfiltered signals, several measurements were simult,,,e,,,,iv
recorded on a digital transient recorder and an FM tape recurd,
Figure 6.4-1 shows a block diagram of the instrumentation used tc play
back these recordings.

The tape recordings were made at 120 Inches/second which produced
a frequency response of 80 kHz. In figures 6.4-2 through 6.4-4, thr
unfiltered transducer output, the 80 kHz tape recording played back
directly, and the tape recording played through a 40 kHz filter are
compared.

Note that in a standard signal, such. as shown in figure 6.4-2,
there is less than 1% difference between the filtered signal and the
signal directly out of the tape recorder. It is suspected that part
of the 4Z difference between the raw transducer output and the recorder
output is due to some minor problem in the playback performance of the
particular tape recorder used in this experiment.

Figure 6.4-3 shows larger discrepancies between the direct, tape,
and filtered peak pressure values because the waveform hes a sharper
peak. The waveform shown in figure 6.4-4 has a very sharp peak, which
produces very large discrepancies between the direct, tape, and filtered
peak pressure values.
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b.5 EFFECT OF ELECTRICAL NOISE ON "B" DURATION

"B" duration is essentially tile time required for the pressur.
versus time history to decav to less than 107, of the peak p)rvsstlrt.
value. Obviously, if the signal to neils, ratio is 10:1 f)r Ith, (,i.
"B" duration will be infinite.

Signal to noise ratio is, therefore, critical to measurement of
"B" duration. Figure 6.5-1 shows a pressure measurement made with an
FM tape recorder. Note that the width of the baseline noise is roughly
2% of the peak pressure. Later in the record, the noise level in-
creases for some unknown reason to roughly 7X of the peuk pressure.
Note that the "B" duration indicated in this plot is 45 milliseconds.

Figure 6.5-2 is a recording of the same waveform using digltal
data acquisition with a much larger signal to noise ratio. Note that
with the ercess electrical noise removed, the "i" duration is dra-
matically reduced to 27.5 milliseconds.
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